Microgels are deformable and compressible particles that can be packed to concentrations that exceed the random close packing limit of hard spheres. For reaching high packing levels, one has to overcome the resistance to compression of the system. This resistance potentially originates from many different phenomena (thermal agitation effects, surface interactions, microgel deformation, interpenetration, water expulsion) that depend on the microgel properties (size, ionic charge, structure, softness). Here, we investigate granular-scale dextranbased microgels with different native water contents. The resistance to compression of the suspensions is measured through the variation of the osmotic pressure with packing concentration. In parallel, we characterize the structure of the packings in terms of polymer heterogeneity, microgel deformation, and average size using confocal microscopy. We find that all microgel suspensions resist compression in the same manner; however, the mechanisms involved clearly depend on the actual degree of compression. In the loose packing regime, the resistance originates mainly from the resistance of the microgels to their own deformation, with no or negligible deswelling; the osmotic pressure rises abruptly with concentration in analogy to compressed emulsion droplets. In the second and dense packing regime, the microgels necessarily have to expel water to withstand compression. The resistance of the packing is then similar to that of a continuous gel of the same polymer. Importantly, we find ⁎ Corresponding author.
Introduction
Microgels are granular or colloidal scale particles made of a low density polymer network swollen by a solvent [1 4] . They are soft and deformable objects that have the ability to change their size and shape in response to their environment, e.g. pH, ionic strength, temperature, concentration. This makes them interesting for a variety of applications such as drug delivery or food formulation for instance [5 7] . They are also model particles that are used for understanding the general beha vior of soft objects in various situations. One specific and interesting case is when the particles are highly concentrated and packed against each other. This corresponds to situations encountered in the filtration of milk for instance, and more generally in processes in which filtration, centrifugation or drying operations are used involving deformable and compressible particles [8 13] . The rheological and phase properties of microgel dispersions at increasing concentration are more and more documented [14 18 ]. The most recent works report a complex phase transition from the fluid to the glassy or solid state; sometimes ex hibiting phase coexistence [19, 20] . This results from the ability of microgels to deswell depending on particle stiffness, ionic environment, size polydispersity and packing concentration [21 23 ]. The structural properties of the resulting packings, including the way the individual particles deform, organize themselves, sometimes crystallize, and even interpenetrate as a function of concentration, is also a recent matter of interest [24 28 ]. In particular, whereas crystallization is suppressed for hard colloidal spheres with polydispersity greater than 10%, microgels can overcome this limitation because a small number of large particles can spontaneously deswell to fit in the crystal lattice of smaller mi crogels [21, 29, 30] . Here we explore another property of microgel packings, which is the resistance to deswelling upon compression of the system. This question has clearly been overlooked over the past few years while it is of crucial importance for understanding and predicting the performances of concentration processes, e.g. drying time or fil tration fluxes [8, 31 34] .
The resistance of a particulate and/or polymeric dispersion/solution to an isotropic compression can be accessed directly by measuring the variation in osmotic pressure with concentration [35, 36] . The osmotic pressure is the result of all interactions in the system. For colloidal dispersions, it originates from thermal agitation of particles and surface interactions [35] . For polymer solutions, it is given by the entropy of mixing of the polymer segments with the solvent and an additional and often dominating contribution of the polymer counter ions in the case of polyelectrolytes [37, 38] . For polymer gels, the mixing and ionic contributions are complemented with a negative elastic term that comes from the crosslinks that prevent full reswelling of the structure [39] . The compressive resistance of a single microgel particle similarly results from all these contributions. Therefore osmotic pressure models developed for polymeric gels are now commonly used for explaining the (de)swelling behavior of individual microgels; popular approaches being based on Flory Rehner theory [2,40 45] .
The resistance to compression of a collection of microgels is more complex to analyze. At low concentrations, when the microgels are still separated from each other, surface interactions and thermal agitation often dominate like in the hard sphere dispersion [46 49 ]. In the spe cific case of charged, colloidal pNIPAM microgels, these contributions are supplemented by the presence of free counterions in the solution surrounding the particles [19, 21, 22] . In contrast, at high concentra tions, the microgel particles can pack very densely and form a fully homogeneous material that resists compression like a macroscopic polymeric gel [3] . In between these two extreme conditions, the microgels are forced to get into contact with each other but still do not fill all of the available volume and voids are present. The resistance of the packing to compression is then difficult to apprehend as it poten tially depends on many different phenomena: thermal agitation, par ticle particle interactions, compression of individual microgels (in cluding compression without deformation [24] ), deformation (including deformation at constant volume like in emulsion packings [50] ), interpenetration [25, 26] , crystallization [19 22,29,30] , presence of structural heterogeneities. To date, experimental or simulation data on these systems are very much lacking and it is still a challenge to predict and understand what determines their resistance to compres sion.
Here we examine this question through an experimental study performed with microgels of different origins and stiffness. To simplify the problem, we choose neutral (dextran based) and granular scale microgels so that both ionic effects and particle thermal agitation can be safely ignored. Suspensions of microgels are compressed to different degrees and the osmotic pressure of the packings is measured. In par allel, confocal scanning imaging is used to characterize the structure of the packing in terms of polymer heterogeneity and microgel deforma tion and size.
Experimental

Microgels
All the microgels that we used are neutral, dextran based particles (Table 1) . G100 89 and G25 68 microgels are commercial Sephadex particles obtained through crosslinking of dextran polymer by epichlorohydrin [52] . The number after the letter G is the approximate water content as given by the manufacturer GE Healthcare Life Sciences in gram of water per gram of dry polymer. MD 66 and MD 61 are methacrylated dextran (dexMA) microgels that we synthesized in our laboratory from dextran T40 using water in water emulsion polymerization following the pro tocol of Stenekes et al. [53, 54] (see the Supplementary materials for details about their preparation).
The four microgel particles have different crosslink densities and consequently swell to different degrees when dispersed in water. According to Refs. [45, 55] , the mesh sizes of the fully swollen microgels vary from ∼20 nm (G100 89) to ∼5 nm (MD 61). In Table 1 , we pro vide the values of the corresponding native internal water contents w water in g of water per 100 g total (% w/w). These values also appear in the names of the particles after the dash. The water contents were de termined using a well established protocol of Stenekes et al. [55, 56] . In brief the concentration of a 2 MDa blue dextran tracer solution is and loose internal water when the packings are compressed or is there a regime at which they only deform at constant volume like emulsion droplets do for instance? To answer this question, one can first look at the evolution of the size of the particles as measured from the CLSM images (Fig. 4A ). The reported sizes are the average diameters obtained by analyzing 200 800 particles in each sample. This analysis also suggests that there is no significant evolution of size polydispersity with compression for each microgel population. However, we chose not to present these results as it would require more statistics and/or more advanced characterization techniques (like SAXS or SANS in the case of colloidal particles for instance [21, 22] ) to investigate this question properly.
The decrease in size is obvious for the G100 89 microgels and starts already at the lowest osmotic pressures (the values at high Π values are not reported as the microgels are then highly deformed and the size of individual particles cannot be determined precisely). This is in line with effective volume fractions ζ ≥1 being reached early in the compression process (second point of osmotic pressure) and that the particles ne cessarily expel water. For the other three other microgels, the size is not really affected by compression at low pressures and the decrease in size is only apparent at pressures ≥150 kPa. This suggests that the microgel particles loose volume and expel water only in this second range of applied pressures.
To confirm that, we now look at the volume fraction occupied by the interstitial voids that persist in the packing during compression. This void fraction can be measured from the CLSM images with quite good precision and is plotted as a function of osmotic pressure in Fig. 4B . As expected, we see that the voids get progressively closed with compression without disappearing completely, except for G100 89 for which the voids vanish. What is interesting here is that we can estimate the actual degree of squeezing of the microgels from the measured void fractions. Indeed, the internal polymer concentration of the microgels in the packings is simply given by
In Fig. 4C , C i is plotted as a function of osmotic pressure. For G100 89, C i exceeds the native internal dextran concentration C i , 0 of the microgels at pressures ≥ 10 kPa. This confirms that the particles start to expel water from this pressure upward, in accordance with the changes in size of Fig. 4A . For the other microgels, C i in found to be very close to C i , 0 for the first 3 4 points of osmotic pressure, meaning that the par ticles have not yet expelled water in that range. C i goes beyond C i,0 only at high osmotic pressures, as expected from the changes in size shown in Fig. 4A .
Another interesting way of looking at these results is by comparison of the observed void fraction as a function of C, i.e. the average dextran concentration in the suspension (Fig. 5) , with 'ideal' scenarios. Particles that cannot deform at all and only deswell are represented by the black lines, while objects that can only deform without losing volume before ξ = 1 (such as emulsions) are represented by red lines.
We clearly see in Fig. 5 that all dextran microgels have the tendency to follow the behavior of deformable but non compressible objects in the range ϕ HS,RCP ≤ ζ ≤ 1. At ζ ≥ 1, the compressibility of the mi crogels then comes into play and the particles squeeze to smaller vo lumes, while some voids persist. The presence of these remaining voids is an important point that we discuss further in the following section.
Summary and discussion
The results presented above can be summarized as follows:
(1) Suspensions of dextran, granular microgels start to resist compres sion at a volume fraction that matches the random close packing of hard spheres of similar size distribution, ϕ HS,RCP . This is consistent with the fact that these microgels are non brownian particles that sediment and come into contact at ϕ ≈ ϕ HS,RCP with no measurable resistance. In two cases (Sephadex), the volume fraction at which the packings start to resist compression is slightly below ϕ HS,RCP , which may be caused by some frictional forces between the mi crogels [63] . Note that this general behavior of granular and neutral microgels at low volume fractions is very different from the one of colloidal scale microgels where particle particle interactions of different types (hard sphere like, electrostatic), and in some cases counterions, produce a measurable osmotic resistance before close packing [19,21,22,46 49 ]. (2) In a first regime of compression, at effective volume fractions be tween ϕ HS,RCP and 1, the compression resistance rises from zero to a value that is close to the resistance of a dextran solution of the same average concentration. Images of the packings in that range of concentration indicate that the microgels increasingly pack and deform with compression, while the internal dextran concentration is close to the native one. So the microgels behave like objects that only deform and do not loose internal volume upon compression, as in the case for emulsions for instance. A similar behavior has been reported lately by Bouhid de Aguiar and coworkers with poly acrylamide microgel particles of slightly smaller size (∼10 μm) [24] . Interestingly, the fact that shape deformation dominates over squeezing in a first regime of compression was also recently ob served for colloidal pNIPAM microgels [26] . In that case however, interpenetration effects are also significant [25, 26] ; while such ef fects are not visible in the present work. We note finally that compression never leads in our case to highly ordered crystal like structures, as it was observed with colloidal and polydisperse polyelectrolyte microgels [21, 22, 29, 30] . This is probably because the size distribution of the microgels is relatively unchanged upon compression in our case, while for pNIPAM colloidal microgels, charge effects makes the largest microgels deswell before the smaller ones, thus decreasing size polydispersity and inducing crystallization [22] . (3) In a second regime of compression, at effective volume fractions ζ ≥ 1, the resistance of the packings to compression becomes similar to that of a homogeneous solution of the polymer that constitutes the microgels. In this regime, the only way to concentrate the system is to compress the individual microgels in the packing. The microgels are strongly deformed and squeezed, leading to reduction of size, and increased internal dextran concentration. The de formation is however not sufficient to close all interstitial spaces in the packings. This is here an interesting and potentially important difference with colloidal scale microgels where the persistence of interstitial voids in highly dense packings is usually not considered or observed [3, 22, 26] .
Next, we focus on points (2) and (3) and look for qualitative and/or quantitative explanations for our results using existing theoretical fra meworks.
At concentrations between ζ = ϕ HS,RCP and ζ = 1, the microgels mainly deform upon compression, and seem to act similarly to emul sions, which we take as a reference case. The osmotic resistance of concentrated emulsions was investigated by Mason and co workers in 4)). The patterned areas correspond to the native internal concentration of the microgels at zero pressure (C i,0 in Table 1 ) +/ 5%. Microgels G100-89 (green diamonds), G25-68 (black squares), MD-66 (blue circles) and MD-61 (red triangles) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). the late 1990 s [50, 68] . These authors propose a 'network spring model' to describe the osmotic pressure at ζ > ϕ RCP [68] . In this model, the pressure depends on the number of facets formed between neighboring droplets in the packing. Any additional facet behaves as a spring that further resists compression. The number of springs between neigh boring droplets grows as ∼(ζ ϕ RCP ), while the number of droplets per unit volume grows with ζ. We then have:
For all the microgels investigated, we find that the experimental osmotic pressure qualitatively follows the emulsion model in the con centration range ϕ HS,RCP < ζ < 1 (Fig. 6A D) . This suggests that the resistance to compression of the microgel packings has a similar origin as that of emulsions: a network of facets acting like springs between neighboring microgels. For emulsions, the spring constant is given by the droplets surface tension [68] , while for microgels packings, it is the elastic modulus of the microgel particles that sets the force of theses springs [69] .
At ζ > 1, the microgels reduce their size and expel water, as reported in Fig. 4A and C. On the other hand, the void fraction in the packing does not totally vanish (Figs. 4B and 5), suggesting that de formation is not preponderant in this regime. So as a first approxima tion, we consider the resistance to compression of the packings to be essentially due to the resistance of the individual microgels to deswel ling. In that case, the Flory Rehner (FR) theory for the osmotic pressure of connected gels is directly applicable [2, 40 45] . The theory describes the osmotic pressure Π as a sum of a mixing contribution Π m and an elastic contribution Π el . The mixing contribution results from the en tropy of mixing of the polymer segments with the solvent. It corre sponds to the osmotic pressure of the dextran polymers that we measure experimentally (empty symbols in Fig. 2 ). These osmotic pressures are described by
with Π in Pa, C in g/L, and a = 0.420 or 0.095 and b = 2.34 or 2.56 for dextran T40 and dexMA, respectively. Such simple empirical power law expressions are commonly used for describing the osmotic pressure of polymers [70] . Fig. 5 . Evolution of the void fraction in the packings as a function of the average dextran concentration in the system. The black line is the theoretical evolution of void fraction for packings of particles that do not deform but only deswell at ζ ≥ ϕ HS,RCP (void fraction = 1 C/C i,0 at ζ < ϕ HS,RCP and void fraction = 1-ϕ HS,RCP at ζ≥ ϕ HS,RCP ). The red line is the theoretical evolution of the void fraction for packings of particles that only deform and do not deswell, such as emulsion droplets (void fraction = 1-C/C i,0 until vanishing). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
The elastic contribution results from the presence of crosslinks that prevent the polymer gel from fully swelling and dissolving. It is a ne gative contribution to the osmotic pressure that can be approximated using the following equation [45] :
with N A the Avogadro number, k B the Boltzmann constant, T the tem perature, N x the number of monomers between crosslinks, M monomer the molecular mass of the monomer (180 g/mol), and f the functionality of the crosslinks (taken as f = 4). ϕ is the polymer volume fraction in the gel matrix, while ϕ ref is the polymer volume fraction at a reference state, generally taken as when the chains between the crosslinks are fully relaxed (for a critical review about the definition of ϕ ref , we refer the reader to [44, 71] ). For gels of crosslinked dextran and similar polymers, van der Sman finds using FR theory that ϕ ref ≈ 2/3 ϕ 0 , with ϕ 0 the polymer volume fraction of the fully swollen gel at zero osmotic pressure [45] . ϕ 0 can be directly calculated from C i , 0 (Table 1) , using ϕ 0 = C i , 0 /d dex . N x is calculated for each microgel using the native dextran concentration in the fully swollen state, where Π = 0 and therefore
This model is now compared with the osmotic pressure data plotted as a function of the internal concentration of the microgels (open symbols in Fig. 6 ), as it is this concentration that determines the re sistance to compression in the framework of the Flory Rehner theory. The agreement between the model and our experimental data is quite satisfactory in all cases. This suggests that we have found a way to predict the osmotic resistance of the packings based on the knowledge of the internal concentration of the microgels. This is a subtle but im portant difference with highly compressed packings of microgels that no longer contain voids, like those studied by Menut et al. for instance [3] . For these packings, the average polymer concentration obviously matches the internal concentration of the microgels, and the osmotic pressure can directly be predicted with Flory Rehner theory using the average concentration in the system [3, 45] . When dealing with mi crogel packings with voids, as in the present work, the prediction is complicated by the necessity to determine the actual degree of squeezing from which the internal polymer concentration needs to be derived. Fig. 6 . Compression resistance of the microgel packings as a function of the average polymer concentration in the system C (closed symbols) or the internal concentration of the microgels C i (empty symbols). At low effective volume fractions ζ ≤ 1, the packings mostly resist through deformation of the microgels and Π increases with C as it does for concentrated emulsions (blue line, [50] ). At high effective volume fraction ζ ≥ 1, the systems mostly respond to compression by expelling water from the particles. This time Π increases with C i as it does for a reticulated polymer gel of properties identical to the microgel material (orange line, [45] ). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
Conclusion
In this paper, we report on the behavior of suspensions of granular scale dextran microgels when exposed to an external osmotic pressure. Our experiments assess the resistance of the packings to compression, as well give qualitative and quantitative information about the structure of the packings. As expected for granular, non brownian microgels, the resistance to compression starts to rise at the vicinity of the volume fraction of random close packing. In a first range of compressions that exceed this value, the microgels mainly deform, leading to a strong rise in resistance, in analogy with emulsion systems. In a second higher regime of compression, the microgels mainly respond to compression by expelling water. The resistance to compression of these systems can be estimated through a Flory Rehner model based on the actual polymer concentration inside the microgel particles, therewith taking into account the presence of persistent voids in the packings.
With these results, we demonstrate that loose to dense packings of neutral and granular scale microgels clearly do not respond to com pression as a uniform gel of the same material at the same average concentration; an analogy that has been used so far in literature for very dense packings of colloidal microgels where persistent voids are in existent [3] . As a perspective, it would be interesting to focus on the resistance to compression of more complex systems like packings of colloidal sized polyelectrolyte microgels for instance, in relation with effects that were recently reported with such systems, e.g. inter penetration [25] and crystallization [22] . This would lead to a better understanding of how a collection of deformable and compressible particles resist to an increase in concentration, depending on the size and architecture of the involved particles. Such information would in turn be highly useful for predicting concentration operations, e.g. fil tration of microgels, in which resistance determines overall pro ductivity.
